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(54) Asymntetiic low power MOS devices 

(57) Low threshold voltage MOS devices having 
asymmetric halo implants are disclosed herein. An 
asymmetric halo implant provides a pocket region (47) 
located under a device's source (36) or drain (38) near 
where the source (or drain) edge abuts the device*s 
channel region (44). The pocket region (47) has the 
same conductivity type as the device's txilk (albeit at a 
higher dopant concentration) and. of course, the oppo- 
site conductivity type as the device's source and drain. 


Only the source (36) or drain (38), not both, have the pri- 
mary pocket region (47). An asymnretric halo device 
behaves like two pseudo-MOS devices in series: a 
"source FET" and a "drain FET". If the pocket implant is 
located under the source (36). the source PET will have 
a higher threshoki voltage and a nruch shorter effective 
channel length than the drain FET. 



figure 1 
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Descrlpti n 

BACKGROUND OF THE INVENTION 

The present invention generally relates to high per- s 
formance transistor devices, and more specifically to low 
threshold voltage, asymmetric MOS transistors having 
pocket regions of increased dopant concentration 
located below the transistors' sources or drains. 

In circuits comprised of conventional MOS devices. io 
the relationship of maximum frequency f^ax ^ supply 
voltage and threshold voltage is governed by long and 
short channel effects of the component devices. As 
expected, for longer channel devices, the long channel 
effects predominate and for shorter channel devices, the is 
short channel effects predominate. Most devices exhibit 
some characteristics of both, with devices having chan- 
nel lengths between one and two miaometers exhibiting 
both characteristics about equally. The maximum fre- 
quency of circuits conrprised of truly long diannel 20 
devices is given by: 

The same parameter for circuits comprised of truly short ss 
channel devices is given by: 

From these equations, it is apparent that the perform- so 
ance (frequency) of a circuit comprised of truly long 
channel devices is dependerrt upon the absolute value 
of the supply voltage. "Vdd." Thus, if the supply voltage 
to the devices in such circuits is lowered, performance is 
also lowered. However, in circutts comprised of truly ss 
short channel devices, performance is governed by the 
ratioof threshold voltagetosupplyvottage(WVdd). This 
means that in such circuits the supply voHage to the 
devices can be lowered with no toss in perfonnance, 
W. so lonQ as the ratio Vt/Vdd is kept constant For 4o 
many devices, this relation is nearly tme, and it becomes 
exactly true for devk;es in which the saturation voltage 
scales with the supply voltage. 

Although low Vt short channel devtees appear 
attractive for the above reason, a problem has been 45 
observed with very short channel devices having low 
threshold voltages. Specificalty. the cfistance between 
the source and drain regions may be so small that the 
depletion regions in the channel region adjacent the 
source and drain can overlap to form a conductive path so 
for charge earners in the channel region between the 
source and drain. This results in a phenomenon known 
as punch through in which cun-ent flows through the path 
created by depletion region, even when the transistor is 
turned "off (i e.. the gate voltage does not exceed the ss 
tlveshokJ voltage). 

In high threshold voltage devices, it is known that a 
"buried electrode" or "ground plane" may be employed 
to suppress growth of depletion regions in the channel 


region and thereby preverrt punch through. Such devices 
aredescrikied in an article by R. H. Y^, at al.. "High Per- 
formance 0.1 mm Room Temperature Si MOSFETs," 
1 992 Symposium on VLSI Technology Digest of Techni- 
cal Papers, pages 86-87. which is incorporated herein 
by reference for all purposes. Briefly, a buried electrode 
Is a region of relatively high dopant concentration extend- 
ing underneath the channel region and having the same 
conductivity type as the well. 

While low threshold voltage devices having buried 
electrodes shouU generally provide improved perform- 
ance and reduced power consumption, alternative 
approaches to eliminating the problem of punch through 
have been explored. One such approach involves 
devices fabricated with symmetrical halo implants. Halo 
implants provide pockets of inaeased dopant concen- 
tration (of the same conductivity type as the channel 
region) in areas undertying the source arxi cbrain edges 
adjacent the channel region. Unlike a buried electrode, 
the pocket regions of a halo device do not extend under- 
neath the entire channel region. While the performance 
of some symmetric halo devices has been encouraging, 
it is believed that further improvements in devfoe per- 
fomiance should be attainable. 

SUMMARY OF THE INVENTION 

The present invention provides low threshokJ volt- 
age MOS devfoes having asymmetric hafo implants. An 
asymmetric halo implant provides a pocket region 
kx:ated under a device's source (or drain) near the 
source (or drain) edge abutting the device's channel 
region. As used herein, the terni "channel region" refers 
to the entire electrically active region between the source 
and drain, not just the inversion layer formed when the 
gate voltage exceeds Vt. The pocket regfon has the 
same conductivity type as the deuce's bulk region (albeit 
at a higher dopant concentration) and, of course, the 
opposite conductivity type as the device's source and 
drain. Typically, the pocket region is provkJed under only 
one of the source or drain (hence the device is "asym- 
metric"). It is believed that an asymmetrk; hafo device 
behaves like two pseudo-MOS devices in series: a 
"source FET" and a "drain FET." The device is designed 
such that the one of these (the one on the side of the 
device having the pocket region) will have a higher 
threshold voltage and a nuch shorter effective channel 
length than the other. At relatively low gate voltages (just 
exceecfing the threshold voltage of the shorter channel 
pseudo-devk:e), the performance of the overall MOS 
device will be govemed by the performance of the 
shorter channel pseudo-device having the higher thresh- 
okJ voltage. This is very desirable because the perform- 
ance of this pseudo-device Is expected to be exceptional 
due to its short channel length. Thus, operating asym- 
metric halo devices at relatively low gate voltages should 
result in very fast switching speeds. 

One aspect of the present invention provides an 
asymmetric MOS device on a semiconductor substrate. 
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The device incfudes the following elements: (1) a bulk 
region having an average dopant concentration d a first 
conductivity type; (2) source and drain regions of a sec- 
orxJ conductivity type positioned within said bulk regk)n 
and separated by a channel region; (3) an asymmetric 
hak) (or "pocket*0 region having a dopant concentratktn 
of the first conductivity type, and abutting one of the 
source or drain regions and proxinnate the channel 
regon; and (4) a gate positioned over the channel region. 
It shouki be noted that while the halo region generally 
abuts only one of the source and drain regions (thus the 
device is termed "asymmetric"), some dences may have 
a "secondary" halo region abutting the other device ele- 
ment. Such secondary hak> regions will not have the 
same level of dopant concentration and/or size as the 
"primary** halo region. 

The device is also structured such that it has a ratio 
of 'on current" to "off current" that is at most about 1 0^. 
TTie on cun^ent Is the cun-ent that flows between the 
device's source and drain when the device Is "on." i.e.. 
when there is strong inversion In the channel region 
( Vds = Vdd a Vgs ). The off current is the current f towing 
between the devk;e*s source and drain when the device 
is off (Vds » Vdd ; Vgs » 0). The off current is synony- 
mous with "leakage cun-eni" Q^erally. devices wrtii 
such tow ratios of on current to off cun'ent have tow 
threshokJ voltages (e.g.. between aboutt 150 mV). 

In 0.35 (im technology (i d., tiie gate poly length is 
about 0.35 im and the gate oxkJe is about 65A thick), 
tiie asymmetric halo regton preferably has a dopant con- 
centration of at least about 1 x 1 0^ ^ atoms/cm3 (and more 
preferably between about 1 x 10^? and 1 x 10^^ 
atoms/cm3). in some preferred embodiments, the asym- 
metrto halo region Is located under tiie source or drain 
region ar>d does not extend Into or under the channel 
region. In other embodiments, however, the asynrvnetric 
hato region may partially extend into or under the chan- 
nel regton adjacent tiie source regton. To maintain a tow 
gate threshoki voltage, tiie channel region dopant con- 
centration shoukJ be held to at most about 1 x 10^6 
atoms/cm3 and preferably between about 1 x 10^4 and 1 
x 1 018 atoms/cm^. Further, at low Vts. it will generally be 
desirable to provide the device witti a tunable gate 
threshokl voltage by, for example, provkiing back biasing 
capability. This altows the absolute value of tiie threshold 
voltage to be adjusted to account for inevitable process 
and environmental (e.g.. temperature) variations which 
can change Vt by on tiie order of about 100 millivolts. 
Still further, the dopant concentrations in tiie source and 
drain regions are preferably relatively high so that the 
series resistance in the device is tow. If the devtoe has 
t^ regions in the source and/or drain, these nmy have 
dopant concentrations of, for example, about 4 x 10^9 to 
8x10i9atoms/cm3. 

In one preferred embodiment, tiie asymmetric MOS 
device includes a counterdopant of ttie second conduc- 
tivity type located in at least a portion of the channel 
region. Preferably tiie counterdopant is provtoed in a 
concentration of lietween about 10^6 and cm~3 and 


is located such tiiat a depletion regton associated with a 
counterdopant-bulk junction does not Bxteod across the 
channel region to the gate. 

Another aspect of this invention provkJes a method 

5 of forming an asymmetric MOS transistor on a semtoon- 
ductor substrata This method includes the following 
steps: (1 ) forming a bulk re^on having a f rst conductivity 
type; (2) forming a gate over a portion of tiie bulk regton 
whtoh defffies a channel regton (tiie channel regton 

10 shouki have a net dopant concentratton of the first con- 
ductivity type of not greater than about 1 x lO^^ 
atoms/cm3 to provtoe tiiedevice wtth a low threshoto volt- 
age); (3) performing an asymmetrto halo implant which 
implants dopant atoms of sakJ first conductivity type to 

75 form a pocket region on a first stoe of saki channel 
region ; and (4) forming source and drain regions of a sec- 
ond conductivity type s^rated by tiie channel region. 
The pocket regton shouM be formed such that It abuts at 
least a portion of one of the source or drain regions and 

20 is proximate to tiie channel regton. In some embodi- 
ments, tiie asymmetric halo implant need not be formed 
before tiie step of forming the source and drain, but may 
be formed after the source and drain are at least partially 
formed. 

25 In prefenred enfoodments, tiie step of perfornrting an 
asymmetrto halo implant is concfojcted at an Implant 
energy of between about 50 and 70 keV and at a dose 
of between about 5x10i2to5x10i3 cm'z. Further, the 
step of forming source and drain regions is preferably 

30 performed in three substeps: (1) conducting an implant 
of the second conductivity type at an implant energy of 
between about 20 and 60 keV and at a dose of between 
about 10^3-101^ cm~2 on either skie of the gate (to form 
"tip" regions of tiie source and drain); (2) fonrnng a 

35 spacer on botii skies of tiie gate; and (3) conducting a 
second implant of the second conductivity type In the 
source and drain regions and on eitiier skje the spacer 
at an implant energy of between about 50 -100 keVand 
at a dose of between about 1 x lO^s - 5 x 10^5 cm~2. 

40 These and ottier features and advantages of tiie 
present invention wilt become apparent to tiiose skilled 
in the art upon reading the foltowing desaiption and 
studying tiie associated figures. 

45 BRIEF DESCRIPTION OF THE DRAWINGS 

Rg. 1 1s a skie sectional view of an asymmetric MOS 
transistor having pocket region in accordance with 
the present invention; 

50 

Rg. 2 is a graph showing a typical famity of de^ce 
cun'ent (l^a) versus gate voltage (Vg^) cun^es for 
transistors having differing channel regton dopant 
concentrations; 

55 

Rg. 3 is a skie sectional view of an asymmetric MOS 
transistor as shown in Rg. 1 but also having a f toat- 
ing gate structure in accordance with this invention; 
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Figs. 4A-4J are side sectional views of a partially 
conpleted transistor in accordance with this inven- 
tion at various stages of fabrication: 

Fig. 5 is a side sectional view of an asynrvnetric MOS s 
transista having a pocket region extending under 
the device's channel region in accordance with an 
alternative emkxxliment of the present invention; 

Fig. 6 is a side sectional view of an asynrvnetric MOS io 
transista having a pocket region extending into the 
device's channel region in accordance with another 
alternative emtxxliment of the present invention; 
and 

75 

Rgs. 7A-7E are side sectional views of a partially 
completed transistor prepared in accordance with a 
prefen'ed process of this invention. 

DETAILED DESCRIPTION OF THE INVENTION 20 

Figure 1 is a side sectional view of a first embodi- 
nnent of an asymmetric MOSFET 30 of the present inven- 
tion having a low threshold voltage and improved 
perfonmance. The specific transistor 30 shown in Rgure 25 
1 is an NFET.i.a, it has an n-type source, drain, and gate 
and a p-type well. Although not shown, transistor 30 
could also be a PFET transistor having a p-type source, 
drain, and gate, and an n-type well. 

In the following desaiption of preferred embodi- so 
ments, various dopant concentrations are specified. It 
shouM be understood that these concentrations are 
nrx)st appropriate for devices having drawn channel 
region lengths of about 0.35 (un (corresponding to effec- 
tive channel lengths of about 0.25 \m) and gate oxide 35 
thicknesses of about 65 A. It should also be understood 
that dopant concentrations in devices generally vary 
inversely with device size: as device size decreases, the 
dopant concentration increases. This is because (1) 
depletion regions adjacent source and drain regions 40 
must scale with channel region width to prevent punch 
through, and (2) to shrink the depletion regions, dopant 
concentrations must increase. As this inventkm is not 
limited to 0.35 ^m technok>gy. the concentrations set 
forth below are exemplary only. It should be expected 
that the recited concentrations will increase as neces- 
sary to reduce depletion region sizes in smaller devk;es 
(less than about 0.35 ^m devices). Likewise, in larger 
channel devices, the recited concentrations may 
decrease. 

Transistor 30 includes a lightly doped well region 34 
extending downward from the surface of a semiconduc- 
ta substrate 32 into its bulk. The bulk semiconductor 
may also be lightly doped, thus obviating the need for a 
separate well region. Preferably, the well region - exclud- 
ing th source, drain, and pocket regions - has an aver- 
age dopant concentration of between about 1x10^^ and 
5 X 1016 atoms/cm3. A heavily doped n-type source 
region 36 with an associated lip" 36A and a correspond- 


ing heavily doped drain region 38 with an associated tip 
38A are provided in well regk>n 34 as shown. The dopant 
concentrations of the source region 36 and drain region 
38 are each preferably between about 1 and 2 x 10Z0 
atoms/cm3. The dopant concentrattons of the tips are 
between about 4 and 8 x atoms/cm3 In some 
embodiments, the source or drain will be shaped such 
that it does not have a tip; rather the plug portion of the 
source ordrain will extend up to thechannelregioa Such 
devices will have tower source or drain resistances. 

A channel regk)n 44 having a relatively kyw dopant 
concentration of less than about 1 x 10^6 atoms/cnP 
(nfx>re preferably between about 1 x 10^^ and 1 x 10^9 
atoms/cm3, and most preferably about 1 x lO^s 
atoms/cm3) extends between the source and drain tip 
regions 36A and 38A. Such low channel region doping 
concentrations allow the devrce threshold voltage to be 
set at or near zero volts (either positive or negative). In 
preferred short channel devices of the present inventkm, 
the source and drain regions are positioned such that the 
inner boundaries of the \p regions are no more than 
about 2 (im apart, and are more preferak>ly in the range 
of about 0.5 irni or less. As noted, the dopant conoentra- 
tk}ns presented herein are most appropriate for about 
0.35 ^m devices. It shoutel be borne In n^nd that many 
advantages of the asymm^rk: structure of this invention 
also apply to k>nger channel devices. 

A gate oxkie layer 40 is provided on the surface of 
the p-type well 34 and overlying the channel region 44. 
In preferred embodiments (for 0.35 [im devices), gate 
oxkie layer 40 is preferably about 65 A thk^k. An n-type 
gate layer 42 is provided on the oxide layer 40 as shown. 
In general for the low threshold voltage devices of this 
inventton. gate layer 42 will be n-type in NFETs and p- 
type in PFETs. In high threshokl voltage PFETs. in con- 
trast the gate layer is typically noade n-typa 

Contacts (not shown) are provided for the source, 
drain, and gate regions respectively. In addition, a sep- 
arate electrical contact (also not shown) may be provkied 
for well region 34 so that the potential between the 
source and well regions can be controlled by an external 
circuit. This provides the capability of controlling the 
threshoti voltage tiirough back biasing as will be 
explained below. In devices having this capability, the 
well may be engineered to provkie a relatively low-resist- 
ance path along its bottom skie so that the well potential 
is nearly uniform. For example, a high concentration of 
dopant may be provkjed along the well bottom. Further, 
to ensure a good ohmic contact between the lightly 
doped well region and the well's electrical contact, it may 
be necessary to provide a heavily doped regton (p-type 
for NFETs and n-type or PFETs) adjacent to the well con- 
tact. The various device contacts may be electrically iso- 
lated from one another and from gate 42 by an oxkle, 
glass, or other insulating layer (sometimes refenred to as 
a passivation layer). 

An asymmetric halo or "pocket** region 47 is provkJed 
in wdl 34 underlying the source tip region 36A. It shoukf 
be noted tiiat the pocket region may be provided under 


so 
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either the source or drain region. IHowfiver, throughout 
the reniainder of tNs discussion, the asynrvnetric halo 
device will be desalbed as having a pocket region under 
the sourc region. In preferred embodiments and as 
shown In Rg. 1. pocket region 47 does not extend into 
or urxier the channel region 44. However, in alternative 
embodiments discussed below, this need not be the 
case. In fact, the pocket region need not even reside 
"mder" the source or drain. In sonne embodiments, it 
may simply abut the side of the source or drain region at 
a location near to the channel region. Regardless of its 
actual kx^t'on and shape, the pocket region 47 has a 
"pi-' concentration, i.a it has a somewhat higher dopant 
concentratton than the sun^ounding p- region of well 34. 
Preferably, the dopant concentration of pocket region 47 
is between 10 and 1000 times greater than the dopant 
concentratbn in the well. Thus, the pocket region 47 
should have a dopant concentratk)n of at least atxnjt 1 x 
1016 atoms/cm3. and more preferably between about 1 
X 1017 and 1 x 10^8 atoms/cm3. These ranges apply for 
both NFETs emd PFETs. In all embodiments of this 
inventk)n, no oon'esponding pocket regions are provided 
under the drain tip 38A, hence the term "asymmetric." 
Of course, the present invention does not foreclose the 
possibility that some local increases in dopant concen- 
tration will be found around the drain regk)n. However, to 
ensure that the device has the benefits of being asym- 
metric, any such local variations shouM be linnted in size 
and/or dopant concentration. 

Kshould be noted that the embodiment shewn in Rg. 
1, as well as all other embodiments discussed herein, 
could profitably fc>e employed with a silicon on Insulator 
rSOn structure - as distinguished from a conventional 
MOS structure in which device elements are formed in a 
bulk silicon substrate. SOI structures include a base 
layer of bulk silicon on top of which is provided a layer of 
bulk silicon dkxxide. Rnally. on top of the silicon dioxide 
layer, a thin epitaxial layer of silicon - typically in tiie 
range of 70 to 2000 angstroms » is provided to form the 
device elements (source, drain, and channel region). 

While not wishing to be bound by ttieory, it is 
befieved that the following discussion explains the par- 
ticular benefits that should generally be observed in tow 
threshold voltage MOS devk;es having asymmetric 
hatos. First, the pocket region provided under the source 
prevents punch through « a serious problem in short 
channel devices having low channel region dopant con- 
centrations. This is accomplished by much the same 
mechanism as provided by buried electrodes. 

By providing a pocket region of higher dopant con- 
centration betow the tip of tiie source region, the grcwtii 
of the depletion region adjacent to the source is limited. 
Further, tiie pocket implant anests the growth of a deple- 
tk)n region extending from the drain toward tiie channel. 
The pocket region thus prevents the source and drain 
depletion regions from extending completely across the 
channel region. 

More importantiy, the asymmetric halo devices of 
this invention should provide significantiy improved per- 


fbmnance over ottier k>w Vt devices because, at appro- 
priate gate voltages, their behavior is governed by 
charge canier transport across a very short effective 
channel length (on the order of a few hundred angstroms 

5 to 0.1 micrometers). Specifically, the device is engi- 
neered so tiiat the pocket region under the source cre- 
ates a pseudo-devk^e, or a "source FET (within tiie 
larger MOS device) in this case, at the edge of the source 
and channel regksn. It is this pseudo-device tiiat has ttie 

10 extremely short effective channel length. As explained 
below, in such very short channel devices, greatiy 
improved performance can be expected due to an 
Inaeased contrftxjtion from "ballistic" electron transport 
(i.a. transport without scattering). However, to obtain tiie 

IS improved performance, the asymmetric hafo MOS 
devk:e (which includes ttie source FET) shouki be oper- 
ated such that its performance is dictated by the source 
FET (and hence tiiese short channel effects), and not by 
longer channel effects (as it would be if the overall MOS 

20 structure dictated perfonnance). 

An explanation of how tiie short channel source FET 
is believed to be formed will now be provkied. The pocket 
regfon next to the source introduces a local variation in 
the vertical fteU in a portion of ttie channel region near 

2$ ttie source. This local change in tiie vertical f iekJ corre- 
sponds to a local increase in ttie threshold voltage. Thus, 
an asymmetric halo device acts as if it is actually two 
devfoes connected in series, a very short channel source 
FET having a relatively high ttireshoki voltage and a long 

30 Channel "drain FET" having a relatively lower ttireshoki 
voHage. By operating such device at gate voltages just 
slightiy greats ttian ttie ttireshdd voltage of ttie source 
FET. the devk^e performance can be expected to be gov- 
erned by the performance of ttie short channel source 

35 FET This possibility can not be realized in devices hav- 
ing buried electrodes or symmetric halo implants. 

In operation, as the gate voltage is inaeased. it first 
surpasses the tiireshokJ voltage of the drain FET before 
reaching the threshold voltage of the source FET. In this 

40 gate voltage domain, intermediate between the thresh- 
okl voltage of the drain FET and the ttireshoki voltage of 
the source FET, an inversion layer forms extending from 
the drain-channel junction across the channel region to 
the edge of the source FET. Because no current is f bw- 

45 ing. the inversion layer in the channel regfon acts as an 
extension of the drain, hekl at ttie same potential as the 
drain. In essence, the relatively large asymmetric halo 
device has been converted to an extremely small source 
FET devk;e (in ttie gate voltage domain between the 

so ttireshoW voltages of the drain FET and the source FET). 
hfow. when ttie gate voltage exceeds ttie tiireshokl volt- 
age of ttie source FET, an abrupt potential drop occurs 
aaoss the source FET channel as current flows. From a 
performance standpoint ttie asymmetric halo implant 

55 dwice appears quite promising because the short chan- 
nel source FET pseudo<levk:e allows some fraction of 
the electrons crossing the channel region to do so by 
very fast ballistic transport in which tiiose electrons are 
not scattered by the silicon lattice. This, in turn, means 
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thai the source FET (and the entire device) should switch 
very tast under th right corxlitions. 

In corrtrast, buried electrode devices will have Icwer 
performance because the region of increased dopant 
concentration O-e., the buried electrod ) extends th s 
whole way across the channel region and provides no 
variations in vertical field. Thus, the effect of buried elec- 
trodes on threshold voltage is invariant across the chan- 
nel length. Of course, if a buried electrode is employed 
In an asymmetric halo device, a short channel pseudo- 10 
device may still be aeated. Further, in symmetric halo 
devices, short channel pseudo-devices may also be 
formed. However, when such devices switch "on" the 
potential drop is spread over the length of the channel 
region (as opposed to over the length of the source FET is 
in asymmetric halo devices). Thus, little contnlxition from 
ballistic transport can be expected. 

In view of the above discussion, it should be appar- 
ent that asymmetric halo devices should be engineered 
such that the channel length of the source FET pseudo- so 
device is made as sn^l as possible (consistent with 
leakage constraints and avalanche breakdown mecha- 
nisms). The various factors that come into play in con- 
trolling the source FET channel length include (1) the 
dopant detribution in the tip of the source, (2) the dopant ss 
concentration gradient at the side of the pocket adjacent 
the channel region, (3) the dopant concentration gmdient 
of the source body adjacent the pocket, and (4) the dis- 
tance that the pocket extends into or underneath the 
channel region. By controlling these variables, it is jo 
believed that the source FET channel can be made 
smaller than 0.1 micrometers and preferably in the range 
of 200 to 500 angstroms. In general, good results should 
be expected by providing a very steep dopant concen- 
tratksn gradient at the boundary of the pocket and the ss 
bulk (wen) regions. Preferably the dopant concentration 
will drop by as rmjch as 3 orders of magnitude over about 
3 nanonDeters betwew the pocket region and the bulk 
region. (Such steep gradients have been descrit>ed in a 
paper by Sai-Halasz et al., 'High Transconductance and 40 
Velocity Overshoot in N^AOS Devices at the 0.1 -(im 
Gate-Length Level.* IEEE Electron Device Letters. Vol. 
9, Na 9, pp. 463-465 (1 988) which is incorporated herein 
by reference for all purposes.) Similarly, the dopant con- 
centration gradients at the source tip-channel region 4s 
boundary and at the source body-pocket boundary 
shouki be comparably steep. Still further, a thin tip region 
(with a pocket region lying immediately underneath) will 
generally improve performance by reducing punch 
through effects. Of course, if the tip region becomes too so 
tNn, tine source resistance will be too high. 

As noted, it is generally preferable to engineer the 
device so that tiie threshold voltage in tiie channel region 
(on the drain side of the source FET) is as low as possi- 
ble. For example, in NFETs, a channel region concentre- ss 
tion of 10^9 cm~3 results, under ttie right conditions, in a 
-0.3 V tiireshoki. Even lower tiireshold voltages can be 
obtained by counter doping the channel region with n- 
type dopants (in NFETs). For certain devices, counter- 


dopant concentratk)ns in the range of about 1 0^^ to 1 0^o 
cm"3 result in a "drain FET threshold voltage of about - 
0.5 voHs. In general, ttie courrterdopant profile is struc- 
tured such that the depletion region emanating from the 
counterdopant-sitetrate interface does not extend 
ttirough the n-type layer under the gate; ottienwise ttie 
drain FET acts like a resistor and a substantial potential 
drop occurs across it. Thus, the counterdopant region 
shouki be ttitck enough, witii a high enough concentra- 
tion, to avokl becoming fully depleted. Assuming that ttie 
counterdopant region is engineered such that ttie deple- 
tion layer does not reach the surface, ttien a ttiin con- 
ducting layer is formed at the surface of ttie drain FET 
and ttie drain potential is effectively tiie same from ttie 
main part of ttie drain to tiie drain side of the source FET. 
TNs results in extremely high lateral fields across ttie 
source FET. 

To allow for controlling of punchttirough In ttie source 
FET, ttie drain channel should not be too deep. In addi- 
tion, its concentration shouki be lower than ttiat of ttie 
source pocket region so that ttie net dopant concentra- 
tion in ttie source pocket region results in the desired 
ttireshoM voltage for ttie source FET. e.g. dose to 0 volts. 
A property engineered counterdopant region, in addition 
to reducing ttie ttireshold of ttie drain FET. causes ttie 
drain FET to become a buried channel device, improving 
mobiltty and subtiireshoU slope, reducing vertical field, 
and reducing gate capacitance. 

(3lenerally. tow ttireshokj devices (such as ttiose of 
ttiis invention) have relatively large leakage currents, a 
feature which, in ttie past, led engineers to design 
devices having relatively high tiveshokj voltages. Thus, 
conventional devices are designed to have a ratio of 'on 
cun-ent" to "off current" (a measure of leakage current) 
of at least about 10^ and typk^ally in the range of 10^ to 
10B. Such high ratios may be appropriate for relatively 
inactive circuits such as RAM cells. However, in more 
active circuits typically used in microprocessors, the 
leatege cunent may be of less concern, and the thresh- 
oki voltage can be substantially lowered. The present 
invention is primarily concerned with such \on threshoM 
voltage devices. Therefore, the devices of the present 
invention will preferably be characterized by a ratio of on 
current to off current of at most about 10^. and more typ- 
ically about 102 - 103. For some highly active devices, it 
may even be desirable to have a ratio of on cunent to off 
cun'ent of as low as 10. In terms of absolute ttireshoU 
voltage, ttie MOS devk^es of tiiis invention will preferably 
have a Vt of between about -150 and +150 millivolts. 
However, ttiis range is not critical to tiie practice of ttie 
invention. 

Fig. 2 shows a family of log ((is (logarittim of channel 
current) versus Vg« (gate voltage) curves for different 
devices operated at constant Vds. Each curve is pro- 
vided for a different channel region dopant concentra- 
tion, with curves having subthreshoki regions at lower 
{more negative) gate voltages describing devices having 
lower channel regk)n dopant concentrations in accord- 
ance with the present invention. Refening to cun^e 66 - 


6 


f 


11 EP0717448A1 12 


which describes a do^ce in accordance with this inven- 
tion - a threshold voHage (Vt) is provided where sub- 
threshold region 64 and transition region 60 meet A 
strong inversion region 62 exists beyond transition region 
60 and is characterized by a linear curent profile with 5 
increasing Vgg. With all other device variables being 
equal, curves 70 and 68 describe devices having lower 
and higher channel region dopant concentrations, 
respectively, than the desnce descri)ed by curve 66. The 
subthreshold Vg versus I slope is generally given by the w 
equation. Ms « n Vj ln(10} , where Ms is the subthresh- 
old slope, n is ideally 1, and Vt is the thermal voltage, 
defined by kl/q. Thus, the subthreshold slope becomes 
steeper with deaeasing temperatura 

By providing light doping in the channel region of a is 
device, the de^ce*s threshold voltage will be at or near 
zero, in the region prefen^ed for th^ invention. Due to 
processing variations, the exact dopant concentration in 
the channel region can vary slightly from device to 
device. Although these variations may be slight they can 20 
shift a device's threshold voltage by a few tens or even 
hundreds of millivolts (to outside of the preferred range 
for operation of this invention). Further, environmental 
factors such as operating temperature fluctuations can 
shift the threshold voltage. Thus, it is desirable to provide 2s 
a mechanism for tuning the threshold voltage in low 
threshold voltage devices such as those of this invention. 
As noted above this can be accomplished t>y using back 
biasing, i.e. controlling the potential between a devices 
well and source. See James B. Burr. "Stanford Ultra Low 30 
Power CMOS." Symposium Record. Hot Chips V. pp. 
7.4,1 - 7.4.12, Stanford, CA 1993 whwh is incorporated 
herein by reference for ail purposes. 

Back biasing is accomplished by controlling the 
potential difference between the source and well regions 35 
of the transistor. Typically, the potential will be controlled 
through isolated ohmic contacts to the source and the 
well regions togetiier witii the circuitry necessary for 
independently controlling the potential of these two 
regions. As the potential cfifference is increased, the 40 
magnttudeofthethreshokj voltage increases. In general, 
a relatively targe back bias voltage is required to adjust 
the threshold voltage a comparatively small amount In 
preferred embodiments, ttie device will be engineered 
such that a shift in threshold voltage of about 1 00 milli- 45 
volts is accomplished with about 1 volt of back bias. 

Back biasing can be implemented using various 
automatic techniques. In one such method, a feedback 
amplifier adjusts the bias voltage of a well so that tiie 
drain current of a test device in the well matches a refer- so 
ence cun^ent. A tuning circuit can be designed to match 
the off current (in the range of 1 nanoamp to 1 nrvcro- 
amp). or the on current (in the range of 100 micro- 
amp/miaometer). or some function of botti the on and 
off currents. Such circuits can sanrple the cun'ent from ss 
several test devices to obtain average on and off cur- 
rents. The power dissipation of one of these well-tuning 
circuits is typically quite small, on the order of 1 micro- 
watt, and its area is also small, typically about 1 00 square 


nticrometers. so that hundreds or even thousands of 
such circuits can be cfistributed throughout an irrtegrated 
circuit chip without significantly impacting area or power, 
while substantially improving k3w voltag performarKe 
by providing ti^y controlled operating environnnents 
over small, local transistor populationa 

Rgure 3 shews an altemative embodiment of a 
MOSFET transistor 30' having a low threshold voltage 
that is tunable by a floating gate. Like the embodiment 
shown in Figure 1 . the transistor 30* of Rgure 3 includes 
well region 34'. source region 36*. arti drain region 38'. 
Transistor 30' also includes an asymmetric hak) or pocket 
region 47' having a relatively high concentration of 
dopant under the tip of source region 36'. MOSFET 30' 
includes two gate layers in a floating gate structure 52. 
First gate layer 54 is deposited on oxide layer 40'. and 
second gate layer 56 is deposited above rust gate layer 
54 on an insulating layer. As is loiown in the art a fixed 
voltage (and associated charge) may be applied to first 
gate 54 to control the threshold voltage of gate 56. Thus, 
by using ttie floating gate structure 52. the tiireshotd volt- 
age of the transista 30' can be electrically controlled in 
nujch the same manner as by using t>ack biasing. 

Figures 4A-J illustrate some of the important steps 
in ttie fabricatk>n of an MOS device (an NFET in this 
example) in accordance witti the present invention. It 
shouM be understood ttiat nunnerous variatiorts of this 
process are p^tssiUe and witiiin ttie scope of tills 
invention. Further, although ttiis process is descr3>ed as 
a sequence of steps for fomiing an NFET, ttie process 
could be applied equally to a PFET if ttie conductivity 
types of ttie dopants emptoyed In the various steps are 
reversed. Still furttier. it should be understood ttiat ttie 
condtttons recited herein are appropriate for devices in 
the n^ghboriiood of 0.35 (un. The process conditions 
may have to be rrxxiif led somewhat for devices in other 
size regimes, as is known in the art. 

In Rgure 4A. a 8ut>strate 1 1 1 of silicon or other suit- 
able semiconductor material is provkled with an ion 
implant mask 1 15 of photoresist or other suitable mask- 
ing material which exposes a selected portion (ttie "p- 
well portion") of substrate 111. 

In Rgure 4B. a p-type ion implant is performed over 
ttie substrate, penetrating ttie unmasked portion of tiie 
substrate 111 (ttie "p-well portion"). The p-type dopant 
is provided at a dose and energy sufficient to provkje a 
very lightiy doped well region 121. A subsequent diffu- 
sion anneal is conducted at a temperature and for a time 
suff kaent to smooth out the p-type dopant concentration 
over well region 121 to give a relatively uniform overall 
very light p- doping level. The well formation conditions 
should be chosen such that the p-well regkMi has a 
dopant concentration at the sut>8trate surface (i.e., the 
channel region) of between about 1 x 10^^ and 1 x lO^^ 
atoms/cm3 (as discussed above). It should be noted that, 
in many systems, there is no explk:it p-well. Rather, the 
silicon wafers used to make the devices are grown with 
a specific dopant concentration. In an epitaxial process, 
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a layer of silicon of the desired bulk ooncerrtration is pro- 
vided on top of a heavily doped substrate. 

To obtain the structure shown in Fig. 4C, the rhask 
1 1 5 is removed and a pad oxkJe 1 20 (silicon dioxide) cov- 
ering the substrate 111 is grown to a thickness off s 
between about 30 and 80 nanometers at a temperature 
in the range of about 700 to 1000<*C. Next, a layer of sil- 
icon nitride 122 is deposited, typically by low pressure 
vapor chemical deposition (LPCVD), to a thickness off 
between about 0.1 and 0.2 micrometers on pad oxide io 
120. Thereafter, a resist mask 124 is provided to protect 
the active areas (i.e.. regions where active transistors are 
to be formed). 

The structure shown in Fig. 4D is then prepared as 
toltows. A dry etch (typically a reactive ion etch or RIE) is 
is perlbrmed on the exposed nitride and oxMe layers to 
produce a bare silicon surface in these regk)ns. Next, the 
resist mask Is removed and a thickf ieU oxide 1 29 (silicon 
dioxkie) is grown at a temperature off between about 700 
and 1 000*^0 to a thk^kness off between about 0.2 and 0.5 20 
rrvcrometers to produce the structure shown in Rg. 4D. 
Thereafter, this structure is selectively etched to remove 
nitride layer 122, typically by a wet etch with ortho-phos- 
phoric acid. A timed wet etch is then periormed to 
remove the pad oxkJe 120 and expose the sificon sub- 2s 
strate in the active device regions. This produces a struc- 
ture as shown in Rg. 4E. Thefieki oxkie 129 is used to 
electrically isolate the various devices on a chip. In alter- 
native embodiments, trenches couki be used in place off 
the field oxide to isdate devrces on the chip. Processes 30 
for faming trench isolation regions are known in the art 

After the bare silicon substrate has been exposed, 
a tNn gate oxkle 1 23 is grown on the silicon surface at a 
temperature off between about 800 and 950*^0 to a thick- 
ness off between alx)ut 3 and 1 5 nanometers. Typically, ss 
the gate oxkie will be a single layer off silicon dksxkte. but 
it may also be a multi-layer structure including silicon 
nttrkla (Technically, such multi-layer structures should 
be referred to as "gate dielectrics" rather than merely 
"gate oxxJes.") After the gate oxkie or gate dielectric has 40 
been formed, a gate layer of polysilkxxi is deposited over 
the surface to a thickness off between about 1 00 and 300 
nanometers. On this layer, a resist mask is defined to 
protect the transistor gate region. Then, the exposed 
potysilicon is selectively etched and the resist mask is 4s 
removed to provkie the structure shown Rg. 4R 

Next, as shown in Fig. 40, a mask 126 is formed 
over one skie of the active region. Thereafter a p-type 
dopant implant is conducted at an energy and dosage 
sufficient to form an asymmetric pocket region 1 16. For so 
example, the asymmetrk: halo implant might be con- 
ducted with boron implanted at about 5 x 1 0^ 2 to 5 x 1 0^ 3 
cmT^ at an energy of between about 50 and 70 keV. In 
some embodiments, indium may be an appropriate 
dopant for NFETs and antimony may be an appropriate ss 
dopant for PFETs because these elements have rela- 
tively small diffusion coefficients and therefore are likely 
to form pockets having steeper concentration profiles. 


Next as shown in Figure 4H. the mask 126 is 
removed and an n-type ion implant is conducted at an 
ton dose of about 10^3 - lO^^ cm"2 and an ion kinetic 
energy of between about 20 and 60 keV with ions drawn 
from P, As. Sb. or Sn. This implant is perlbrmed over the 
entire substrate, penetrating the p-well portion of the 
apparatus to form two n doped layers 131A and 131B 
flanking a p-type channel regk)n 133 to the left and right, 
respectively, within the p-well 121. This inplant is 
intended to form a device's source and drain Hp" regions 
which extend to the edge of the channel region. As 
shown, an asynrvnetric halo region 1 16 remains below 
the source tip region 131 A. In preferred embodim^rts, 
the junctk)ns between these tip regk}ns and the adjacent 
channel region have steep dopant concentratk}n gradi- 
ents. Thus, subsequent processing shouki be conducted 
under conditions which minimize dopant diffusion in 
these tip regbns. To the extent possODle, this will gener- 
ally require conducting subsequent heating steps at rel- 
atively k)w temperatures and for relatively short times, or 
by using rapki thermal annealing ("RTA") as known in the 
art. 

After the tp regions have t>een formed, "iplug" 
regions 137A and 137B of the source and drain shown 
in Rg. 41 are optk}nally formed as fbltows. To prepare 
such plug regions, a blanket oxkie insulating layer s f irst 
deposited over the device. Most of this layer is then ani- 
sotropically etched away, leaving skie wall instdating 
spacers 135 offwkith 0.1 - 0.3 ^m, flanking the potysilicon 
gate 125 on the right and left as shown in Rg. 41. There- 
after, an m- ton implant (ion dose « 1 x IO*" - 5 x 10^5 
cm~2; ion kinetic energy » 50 - 1 00 keV; tons drawn from 
P. As, Sb. or Sn) is periormed over the sitetrate, pene- 
trating the p-weli portton off the structura This produces 
drain and source layers 137A and 137B of increased n- 
type doping. As can be seen in Rg. 41, after the plug 
regions of the source and drain are formed, an asynunet- 
ric halo region 1 16 remains under source tip 131 A and 
acljacent to the channel regton. After drain and source 
layers 1 37A and 1 37B have been fomned. an anneal step 
^ periormed. In preferred emt>odiments. only this armeal 
step (and no others) are conducted for the asymmetric 
hala tip. and plug implants. In other words, no anneal 
step is periormed after the asymmetric halo or tip 
implants. This limited annealing altows the halo and tip 
regions to maintain relatively steep concentration gradi- 
ents near the channel region. 

After the source and drain regtons have been 
fbrmed. an insulating layer 141 is formed over the device 
as shown in Figure 4J. Apertiffes or vias 143 A. 143B. 
and 143C are then selectively etched in the oxide layer 
141 and filled wfth metal, such as aluminum, tungsten, 
titanium or other electrically conductive material to pro- 
vide electrical contacts for the drain 131 A, gate 125. and 
source 1 31 B. In devices having back biasing capalMlities, 
a fourth lectrical contact to the well will also be required 
to permit control of the potential between the source and 
well. To provide an ohmic contact to the lightly doped 
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well, a small p4- implant in the region of the contact fin 
the well) may also be necessary. 

It should be noted that the process depicted in Rgs. 
4A-4J includes no channel region Implants of the type 
which produce de^nces having high dopant concentra- 
tions in the channel region and consequently high 
threshold voltages. In fact, the total dopant concentration 
in the channel region is preferably maintained at a level 
no mors than about 1 x 10^^ atoms/cms. and more pref- 
erably between about 1 X 10^4 and 1 X lO^^ atoms/cms. 
Most preferably, the channel region dopant concentra- 
tion is about 1 X 10^3 atoms/cm^, which Is suk>stantiaily 
iGwer than the concentration of 1 to 5 x 10^^ atoms/cms 
for conventional 0.35 \im high threshold voltage devices. 
Of course, the threshold voltage can be kept near zero 
even in devices having higher dopant oorK^entrations so 
long as the "ner concentration of dopant atoms of a par- 
ticular conductivity type is maintained at a lew level. This 
condition can be attained by, for example, conducting two 
(or nrx)re) channel region implants of opposite conduc- 
tivity type, so that the effects of the two Implants offset 
one another somewhiat. Of course, it will generally be 
pr^erable to fabricate low threshold voltage devices 
without conducting such offsetting inplants in the chan- 
nel region, as each implant adds new scattering impuri- 
ties to the semiconductor lattice. 

In processes for fabricating standard, high threshold 
voltage surface (buried) channel devices, a surface 
inplant of the same (opposite) dopant of conductivity 
type as that of the channel region of the well is perlbrmed 
to adjust the threshold voltage of the device to a standard 
level. This surface implant is typically conducted under 
conditions which give the device a threshold voltage of 
about 0.7 volts or -0.7 volts (depending on the conduc- 
tivity type of the transistor). To achieve a low threshold 
voltage (consistent with this invention), the step of con- 
ducting the surface implant Is omitted. In addition, for 
PFETs prepared in accordance with this invention, the 
gate is preferably doped p-type. 

In an attemative embodiment, the order the lip" and 
"plug" implants employed to make the source and drain 
regions may be reversed. In this process, the side wall 
spacers 135 are formed before any source/drain 
implants. Then, the source/drain plug implant is per- 
formed under the conditions described above. After this, 
the spacers are removed and a mask is formed over the 
drain region and the asymnrietric halo implant is per- 
formed under the conditions descrft>ed above. UexX, the 
mask is removed from the drain region and "t^" implants 
are perfamed to produce source, drain, and asynvnetric 
hak) regions having the profiles illustrated in Fig. 41. The 
advantage of this approach is that it produces the tip 
regions later in the process, thereby better preserving 
the steep dopant concentration gradients at the tip-chan- 
nel region juncttons. However, because of the added 
complexity, this process may provide th most benefit at 
technologies below 0.1 fun. 

Another alternative process for fonning the 
source/drain and pocket regions is shown in Figs. 7A-7E. 


In this embodiment as shown in Rg. 7A. n-type tqp 
regrons 311 and 309 are form&d in a bulk regton 301 
between fieki oxide regions 303 and a gate oodde 307 
(under a gate poly 305). Regions 31 1 and 309 may be 

5 formed under conditions comparable to those employed 
to fam regbns 131A and 131B in Rg. 4H. Next, as 
shown in Rg. 7B. a first spacer 315 is fomrYed along the 
sides of gate oxkje 307 and gate poly 305. Thereafter a 
mask 3 1 7 is formed over the drain side of the device, and 

10 a p-type inrtplant is conducted to produce an asymmetric 
implant region 319 (to be converted to a pocket regk>n) 
to produce the structure shown in Rg. 70. The p-type 
implant may be perfomned under conditions comparable 
to those enployed to form region 1 16 in Rg. 4Q. 

75 At this point, the mask 31 7 is removed and a second 
spacer 321 is formed on the sides of gate regk)n beyond 
the first spacer 31 5 to provide the structure shown in Rg. 
7D. Thereafter an n-type implant is performed to form 
source and drain plug regions 325 and 323, leaving p- 

20 type pocket region 319 only in the vicinity of the channel 
regkm as shown in Rg. 7E. This implant may be con- 
ducted under concfitions comparable to those employed 
to fbnm regions 137A and 137B in Rg. 41. 

In still another embodiment, source and drain 

2S regk)n8 include - in additional to the t9> regions - struc- 
tures rising above the silicon sut>8trate surface. Such 
structures will typically be silicides having relatively low 
resistance and will not include the plug regions 1 37A and 
1378. Thus, the overall resistance of the source and 

30 drain regions is maintained at a relatively low level with- 
out requiring plug regions. 

In embodiments employing a buried electrode, an 
epitaxial layer may be employed. One off the objectives 
of the buried electrode is to achieve a k>w dopant con- 

35 centration in the channel regk)n and higher dopant con- 
centration at the top edge of the pocket region. Meally. 
this would be a step junction. However, lintitatk)ns in k>n 
implantations and thermal anneal cycles (late in the fab- 
rk»tk}n process) tend to smear out step junctions. This 

40 problem can be partially mitigated by selecting a dopant 
species which is relatively Immobile (i.e., it has a rela- 
tively low diffusion coefficient). Another approach is to 
grow a lightly doped silicon epitaxial layer on top of a 
heavily doped bulk substrate. The epitaxial depletk)n 

45 region can have a very abrupt junctk)n and thereby come 
nrux:h closer to the ideal step profile than can be pro- 
duced by ion implantation. 

Rgs. 5 and 6 display altemative embodiments of the 
present invention in which the pocket region underlining 

so the source tip takes on different shapes. In Rg. 5. an 
asymmetric CMOS device 130 includes a pocket region 
147 which extends slightly under channel region 144 
(compare pocket region 47 of Rg. 1). Otherwise, this 
embocfiment is quite similar to that depicted in Rg. 1. 

55 Specifically, the device includes a source 136. a drain 
138, a well 134. a gate 142, and a gate dielectric 140. 
As device 130 is also an asynrtmetric halo device, there 
is no pocket region under drain 138. The pocket region 
147 can be formed by, for example, an inrplant made at 
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an angle having a horizontal conponent (left to right as 
shewn in Rg. 5). Generally, such angled implants are rel- 
atively easy to perform. 

In Fig. 6, an asymmetric MOS device 230 includes 
a pocket region 247 that not only extends t)eyond the s 
edge of source region 236 but actually into channel 
region 244. In some devices without tip regions in the 
source or drain, the pocket region may simply abut the 
channel side of the source or drain regions without 
extending under the source or drain regions. In one 
embodiment, the channel region 244 is counterdoped 
with n-type dopants {e.g., 1 x 10 cm"3) to lower the 
device Vt and produce a true short-channel NFET. It is 
important that pocket region 247 not extend too far 
across channel region 244 in order to presence a local 
variation in vertical fiekj and constrain the effect of the 
pocket to a relatively snnall area near the source. It can 
be expected that this structure may result in an increased 
lateral field at the edge of the source and consequently 
a shorter effective source FET channel length. Thus, the 
contribution from ballistk; electrons can be expected to 
be more pronounced in such devices. On the downside, 
the inaeased dopant concentration adjacent the source 
will decrease the mobility of non-ballistic electrons. 

In other alternative embodiments, the pocket of an 
asymmetric halo device could extend from the edge of 
the channel region under the source to near the far edge 
of the source. In still other emtxxliments. the asymmetric 
hak) device could have, in adcfition to any of the above 
described pocket regions, a kxiried electrode extending 
under the entire channel regton. TTiis would allow better 
tunability of the device threshold voltage. 

It is known that CMOS devices operate drtfer^y at 
different temperatures. As a device is cooled, the charge 
carrier mobility in the channel region increases. The 
threshokl voltage also increases. Most importantly, the 
performance of the transistor inaeases for a given 
threshok] voltage due to tiie increased mobility of charge 
caniers and the reduced critical voltage of the device. 
This is generally true of long channel and short channel 
devices. Thus, at lower temperatures, most conventional 
devices can be expected to have improved performance. 

However, even greater performance irrprovements 
can be expected with the asymmetric halo devices of this 
invention. This is because the contribution of ballistic 
electrons to device cunrent rapidly increases with 
decreasing temperature in the extremely short effective 
channel lengths of the source FET psetxkxievices. As 
the temperature is lowered, the effect of phonons on 
electron transport becomes less pronounced and the 
mean free path of an electron in silicon inaeases to near 
the channel length of the source FET. Of course, some 
percentage of traveling electrons jump by a distance 
greater than the mean free path, and even jump across 
the channel length. Such electrons move balllstically 
from source to drain. At temperatures in the range of liq- 
uid nitrogen temperature, a significant percentage of the 
electrons crossing the source FET channel will do so bal- 


listically (assuming that the source FET effective channel 
length is suffk:iently short). 

To take advantage of such performance improve- 
ments at lower temperatures, the doping levels of 
devices may have to be modified. For exampi . for 
devices having a threshoM voltage of zero millivotts at 
the tenrtperature of liqud nitrogen temperature (77 K). the 
doping levels shouU be set so that the threshokJ voltage 
wouM be about -200 mV at 300 K. This is because a 
device's current versus gate voltage curves shift with 
temperature. Of course, it may be possUe to provide the 
device with suff ident tunability to operate over the entire 
temperature range. However, tiiis extra tunability may 
compromise performance in some devices. When this is 
the case, devices will need to be optimized over a rela- 
tively narrow specified temperature range. 

To implement low temperature CMOS transistors of 
the present invention, a cooling environment must be 
provided. Preferred cooling systems operate at 0*" C, - 
55" C, arxi -150"" C. with peribrmance improving but cost 
inaeasing with each k3wer temperature. At each of the 
listed temperatures, adequate cooling can be provided 
by a small refrigerator. Below -ISO"* C. refrigeration costs 
become significantly higher, and cam'er freeze out 
effects may create instabilities ttiat are difficult to control. 

It should be noted that in many short channel MOS- 
FET devices, a large horizontal electric fieU associated 
with a relatively high Vdd can cause hot electron degra- 
dation, in which electrons penetrate the oxkje layer 
above the bulk region or tiie drain region. This problem 
is typically solved using lightly doped drain (LDD) 
implants which provkle a relatively low concentration oif 
dopants in the tip regions 36A and 38A of source and 
drain regions 36 and 38. In the present invention, how- 
ever, LDD's are typically not necessary, since the prot}- 
lem of hot electrons becomes negfigible at supply 
voltages bekw about 1 .5 volts. 

Although certain preferred embodiments of the 
present Invention have been described, it shouU be 
understood that the present invention may be embodied 
in many other specific forms wittiout departing from the 
spirit or scope of the invention. Particulariy, the NFETs 
illustrated atxyve can t)e replaced with PFETs and the 
asymmetric halo structure may find some usefulness in 
long channel devices. Therefore, the present examples 
are to be considered as illustrative and not restrictive, 
and the invention is not to be limited to the details given 
herein, but may be modified within the scope of the 
appended claims. 

Claims 

1. An asymmetric MOS device on a semiconductor 
sut^strate. the MOS device having an on cun-ent and 
an off current the MOS device comprising: 

a bulk regbn having an average dopant con- 
centration of a first conductivity type; 

source and drain regions positioned witiiin 
said bulk region and separated by a channel region, 
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the source and drain regions having a dopant con- 
centration of a second conductivity type; 

an asynvnetric halo region having a dopant 
concentration of th first conductivity type, and abut- 
ting one of said source or drain regions and proxi- 5 
mate said channel region; and 

a gate positioned over the channel region, 
wherein the ratio of on current to off cunertt in the 
MOS device is not greater than about 1 0^. 

10 

2. The asymnrietric MOS device of claim 1 wherein the 
device has a gate threshold voltage of at most about 
±150mV. 

3. The asymmetric MOS device of claim 1 a 2 wherein is 
the dopant concentration in the channel region is at 
most about 1 x 10^® atoms/cms. 

4. The asymmetric MOS device of claim 3 wherein the 
dopant concentration in the channel region Is 20 
between about 1 x 10^* and 1 x 1018 atoms/cm^. 

5. The asymmetric MOS device of any of claims 1 to 4 
wherein the device has a tunable gate threshold volt- 
age. 2S 

6. The asymmetric MOS device of dalm 5 wherein the 
gate threshold voltage is tunable by back biasing. 

7. The asymmetric MOS device of claims further com- 30 
prising a floating gate capable of tuning the device's 
threshold voltage. 

8. The asymmetric MOS device of any of claims 1 to 7 
wherein the dopant concentration in the asymmetric ss 
hato region is at least about 1 x atoms/cms. 

9. The asymmetric MOS device of daim 8 wherein the 
dopant concentration in the asymmetric halo region 

is between about 1 x lO^? and 1 x lO^^ atoms/cm^ 40 

10. The asymmetric MOS device of any of claims 1 to 9 
wherein said asymmetric halo region is located 
under at least part of one of said source and drain 
regions, and said asymmetric halo region does not 45 
extend into or under said channel region. 

1 1 . The asymmetric MOS device of any of clainfts 1 to 9 
wherein said asymmetric halo region is located 
under at least part of one of said source and drain so 
regions, and said asymmetric halo region extends 
under a part of said channel region adjacent said 
source or drain region. 

1 2. The asymmetric MOS device of any of claims 1 to 9 ss 
wherein said asymmetric halo region is located 
under at least part of one of said source and drain 
regions, and said asymmetric hato region extends 
partially into said channel region. 


13. Th asymmetric MOS device of any of claims 1 to 

1 2 wherein said channel region has a length of about 
2 nrdcrons or less. 

14. The asymmetric MOS device of any of claims 1 to 

13 wherein at least a portion of said channel region 
includes counterdopant of the second conductivity 
type. 

15. The asynvnetric MOS device of daim 14 wherein the 
counterdopant is provided in a concentration of 
between about lO^e and 10^8 cm"3 

16. The asymmetric MOS device of daim 15 wherein the 
counterdopant is provided in a concentration and 
location such that a depletion region associated with 
a counterdopant-bulk junction does not extend 
across the channel region to the gate. 

17. A method of fomning an asymmetric MOS transistor 
on a semiconductor substrate, the method compris- 
ing the following steps: 

forming a bulk region having a first conduc- 
tivity type; 

forming a gate over a portion of said bulk 
regfon defining a channel region, said channel 
region having a net dopant concentration of the first 
conductivity type of at most about 1 x 10^6 
atoms/cm3; 

performing an asynvnetric hak> implant which 
implants dopant atoms of said first conductivity type 
to form a pocket region on a first side of said channel 
region; and 

forming source and drain regions of a second 
oonducttvrty type separated by the channel region, 
wherein the pocket region of the first conductivity 
type abuts at least a portion of one of said source 
and drain regions and proximate said channel 
region. 

ia The method of claim 17 wherein the step of perfomri- 
ing an asymmetric halo implant is concbicted at an 
implant energy of between about 50 and 70 keV and 
at a dose of between about 5 x 1 0^ 2 to 5 x 1 Qi 3 cm"2 . 

19. The method of daim 17 or 18 wherein the step of 
forming source and drain regions includes a st^ of 
conducting an irrplant of said second conductivity 
type at an Implant energy of between atxuit 20 and 
60 keV and at a dose of between about 10^3 - 10^^ 
cm"2. 

2a The method of claim 19 further comprising the fol- 
lowing steps: 

forming a spacer on the sides of said gate; 

and 

conducting a second implant of said second 
condudivity type in the source and drain regfons and 
on either side the spacer, wherein said second 
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implant is conducted at an implant energy of 
between about 50 - 100 keV and at a dose of 
between about 1 x lO^' - 5 x 10^^ cm"2. 

21. The method of daim 20 wherein the step of perform- 
ing an asymmetric halo implant is cond^ed before 
said step of forming a spacer. 

22. The method of any of claims 17 to 21 wherein the 
step of performing an asymmetric halo implant forms 
a pocket region having an average dopant concen- 
tration of at least about 1 x 10^6 atoms/cm3. 

23. The method of any of claims 17 to 22 wherein the 
channel region includes a total dopant concentration 
of not greater than about 1 x 10^6 atoms/cm^. 

24. A method of forming an asymmetric MOS transistor 
on a semiconductor substrate, the method compris- 
ing the following steps: 

forming a bulk region having a first conduc- 
tivity type; 

forming a gate over a portion of said bulk 
region defining a channel regk)n; 

forming source and drain tip regk)ns of a sec- 
ond conductivity type separated by the channel 
region; 

fbrnting a first spacer on the sides of said 

gate; 

performing an asymmetric hak> implant which 
irrplants dopant atoms of said first conductivity type 
to form a pocket region on af irst side of said channel 
region; 

forming a second spacer on the skies of the 
first spacer; €md 

forming source and drain plug regions by 
conducting a second implant of said second conduc- 
tivity type on either skie the second spacer. 

25. The method ofclaim 24 wherein the step of perform- 
ing an asymmetrk; halo implarrt is oorxiucted at an 
implant energy of between about 50 and 70 keV and 
at a dose of between about 5 X 1 01 2 to 5 X 1 01 3 cm~2. 

26. The method of claim 24 wherein the step of perform- 
ing an asymmetric halo implant forms a pocket 
region having an average dopant concentration of at 
least about 1 x lO^^ atoms/cm^. 

27. The method of any of claims 24 to 26 wherein the 
channel region includes a total dopant concentration 
of not greater than about 1 x lO^^ atoms/cm3. 

28. The method of any of claims 24 to 27 wherein the 
step of forming source and drain tip regbns includes 
a step of conducting an implant of saki second con- 
ductivity type at an implant energy of between atx)ut 
20 and 60 keV and at a dose of between about 10^3 
- 1014 cm"2. 


29. The method of any of daims 24 to 28 wherein the 
step of forming source and drain plug regk>ns is con- 
ducted by implanting at an implant energy of 
between about 50 - 100 keV and at a dose of 
between about 1 x IQis - 5 x 10^' cm"2. 
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